Robo3: The Road Taken  by Beamish, Ian V. & Kennedy, Timothy E.
Developmental Cell
PreviewsRobo3: The Road TakenIan V. Beamish1 and Timothy E. Kennedy1,*
1Montreal Neurological Institute, McGill University, 3801 University Avenue, Montreal, QC H3A 2B4, Canada
*Correspondence: timothy.kennedy@mcgill.ca
http://dx.doi.org/10.1016/j.devcel.2014.12.021
Although axon guidance mechanisms are well conserved across the animal kingdom, neuronal circuit
complexity increases dramatically in evolution. Reporting recently in Neuron, Zelina et al. (2014) uncover
mammalian-specific changes in Robo3 that result in a switch from repellent to attractive signaling and
may have contributed to increased mammalian circuit complexity.A hallmark of mammalian evolution is the
development of a six-layered cerebral
cortex and the consequent appearance
of new commissural axon tracts for bilat-
eral integration of evolving sensory, mo-
tor, and associative brain regions. Com-
missures unique to mammals include the
corpus callosum, corticospinal tract, and
other minor commissures of hindbrain
nuclei. As they follow stereotypical paths
across the axis of symmetry of the ner-
vous system, commissural neurons pre-
sent an ideal system to study the mecha-
nisms underlying axonal guidance. A
remarkably limited number of guidance
cues have been identified to date, and
they display substantial evolutionary con-
servation.What evolutionary events, then,
contributed to the emergence of novel
commissural systems in mammals? In
a recent issue of Neuron, Zelina and
colleagues (2014) demonstrate how a
divergent member of the Roundabout
(Robo) family of axon guidance receptors,
Robo3, may have played a key role
in the evolution of mammalian brain
connectivity.
Proper wiring of neuronal circuits is
achieved by the coordinated influence of
axon guidance cues that dictate the path
taken by migrating axons. These cues
bind to receptors at the axon tip and
deliver repellent or attractive signals to
the growth cone. The discovery of the
Robo family of axon guidance receptors,
which mediate the repellent effects of
the Slit family of guidance cues, was
both a marvel and a mystery (Seeger
et al., 1993) (Figure 1). Various members
of the Robo family are expressed in
commissural neurons in many species
both before and after midline crossing
(Dickson and Gilestro, 2006). How could
a receptor that signals repulsion from a
midline-enriched cue be expressed byneurons during attraction to that same
midline? In flies, which express three
Robo homologs, an elegant mechanism
regulates the recruitment of Robo pro-
tein to the plasma membrane. Prior
to crossing, commissural neurons in
Drosophila express another transmem-
brane protein, commissureless (comm),
which directs the sorting of newly synthe-
sized Robo to the late endocytic pathway
for degradation (Keleman et al., 2002).
After crossing the midline, neurons down-
regulate comm expression and commis-
sural axons are then repelled by midline
Slits. In vertebrates, which also express
three homologs of Robo in the central ner-
vous system, the secrets of Robo regula-
tion have been more difficult to unlock, as
to date no functional ortholog of comm
has been identified. The divergent family
member Robo3, however, now appears
to be key for the delicate balance of
attraction and repulsion required by
axons navigating to the midline. Further-
more, the unexpected story of Robo3
evolves as we humans did, with ever-
increasing complexity and subtlety.
This portion of the tale begins with the
discovery that Robo3, like comm, is a
negative regulator of Slit responsiveness.
Surprisingly, in both the hindbrain and
spinal cord, Robo3 was found to promote
the attraction of commissural axons to-
ward the midline (Dickson and Gilestro,
2006; Marillat et al., 2004). The identifica-
tion of four vertebrate isoforms of Robo3
with unique biochemical and signaling
properties then added to the complexity
of the puzzle (Camurri et al., 2005; Chen
et al., 2008). Alternative mRNA splicing
produces Robo3A and Robo3B, which
differ in their extreme N terminus, while
alternative splicing near the carboxy
terminal domain generates Robo3.1 and
Robo3.2 (Camurri et al., 2005; ChenDevelopmental Cellet al., 2008). Robo3.1 is expressed prior
to crossing the midline and suppresses
Slit-mediated repulsion (Chen et al.,
2008). In contrast, Robo3.2 appears to
contribute to the classic repellent effects
of Slits and is expressed only after axons
have traversed the midline (Chen et al.,
2008). Zelina and colleagues (2014) now
provide an astonishing twist to the story-
line and report how Robo3, due to evolu-
tionary changes, switched from binding
the repulsive guidance cue Slit to instead
potentiating the effects of the attractive
midline guidance cue, netrin-1.
The ectodomain of vertebrate Robo3
contains five immunoglobulin (Ig) repeats
followed by three fibronectin type III re-
peats and conserved domains in its intra-
cellular portion (CC0-CC3). Examining the
evolutionary molecular genetics of the
Robo family, the Che´dotal group reveals
that the Robo3 gene arose following two
duplication events of a single ancestral
gene prior to the vertebrate radiation.
Selection then gave rise to a mammalian
Robo3 ortholog, which substitutes amino
acids at three key residues within its first
Ig domain, previously identified as the
Slit binding site on Robo1 (Morlot et al.,
2007). The group then demonstrates
how these substitutions have indeed
resulted in a loss of high-affinity binding
to Slit2 by mammalian Robo3 and
a concomitant loss of Slit-dependent
dephosphorylation, a process thought to
contribute to receptor activation. Further-
more, mammalian Robo3, but not non-
mammalian vertebrate Robo3, is selec-
tively phosphorylated at a conserved
tryrosine residue by Src-family kinases
downstream of netrin-1. They then show
that mammalian Robo3 forms an intracel-
lular complex with the netrin-1 receptor
DCC both in vitro and in vivo, suggest-
ing that Robo3 regulates the attractive32, January 12, 2015 ª2015 Elsevier Inc. 3
Figure 1. Balancing Attraction and Repulsion
During evolution, the mechanisms that ensure appropriate attraction of commissural axons toward the
midline, which expresses both attractive and repellent cues, changed dramatically. In Drosophila, axons
express commissureless (comm) prior to crossing themidline, whichmediates the trafficking of newly syn-
thesized Robo directly into the late endocytic pathway for degradation. In non-mammalian vertebrates,
Robo3 promotes attraction to the midline, although the mechanism remains unclear. As Zelina and col-
leagues (2014) now report, in addition to suppressing Slit-mediated repulsion by Robo1, mammalian
Robo3, which has lost its affinity for Slit, potentiates netrin-1-mediated midline attraction. Mammalian
Robo3 forms a complex with DCC and is phosphorylated by Src-family kinases (SFK) in a netrin-1-depen-
dent manner.
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Interestingly, they also report that non-
mammalian vertebrate Robo3 can com-
plex with DCC. This raises the possibility
that in non-mammalian vertebrates, such
as zebrafish, Robo3 may regulate netrin-
1 signaling as well, although at this point
in evolution in a Slit-dependent manner.
What is the functional significance of
the mammalian Robo3/DCC interaction?
The authors examined neurons from the
pontine nucleus (PN) of the hindbrain, a
cell type absent in DCC null mice (Fazeli
et al., 1997). In vitro PN neurons from
Robo-deficient mice lose their attraction4 Developmental Cell 32, January 12, 2015 ªto netrin-1, and, in vivo, PN neurons fail
to reach the midline in mice lacking ne-
trin-1, DCC, or Robo3. The migration de-
fects could be rescued by expression of
mammalian Robo3 but not non-mamma-
lian Robo3, demonstrating that during
mammalian evolution, Robo3 dramati-
cally switched from signaling in response
to the repellent family of Slit guidance
cues to contributing to the attractive
effects of netrin-1 at the midline. Further
experiments in zebrafish support previous
findings suggesting that non-mamma-
lian vertebrate Robo3, like mamma-
lian Robo3, promotes midline crossing2015 Elsevier Inc.by counteracting Slit/Robo repulsion,
although the underlying molecular mech-
anism remains unclear (Burgess et al.,
2009).
The switch in the signaling properties of
Robo3 due to subtle changes in a handful
of key residues in its Slit binding region
further increases the complexity of the
axon guidance functions of this remark-
able family of proteins. That mammalian
Robo3 plays a crucial role in the develop-
ment of distinct commissural axon tracts
suggests that perhaps this divergent fam-
ily member made significant contributions
to the evolution of mammalian neural cir-
cuitry. The story of Robo3 has indeed
taken an astonishing turn and illustrates
how subtle changes in a relatively small
group of conserved axon guidancemech-
anisms can give rise to the extraordinary
complexity of neural circuitry within mam-
mals, including, of course, you and me.REFERENCES
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